Previous observational evidence implies that the presence of Ca n emission, a chromospheric indicator, is correlated with the gas/dust ratio in the envelopes of red giant and supergiant stars. We set out to determine whether this correlation can be generalized to all chromospheric activity indicators and the gas/dust ratio. New ultraviolet observations address the strength of UV emission features and the fraction of the total chromospheric flux emitted in various lines. We find evidence that chromospheres are not completely quenched in the presence of dust, but that significant alteration of relative radiative loss patterns may occur. These observations are interpreted in terms of an instability that converts warm, chromospheric gas into nearsurface dust grains and cool gas capable of supporting molecular masing. This supports the dust-driven mass loss scenario for red giant winds.
I. INTRODUCTION
Mass loss from red giant stars is known to profoundly affect both the evolution of such stars and provide replenishment and chemical enrichment of the interstellar medium (Dwek ei al 1986) . While circumstellar environments are being better defined with radio and infrared observations, the connection between the surface and atmospheric phenomena of red giant stars, where the mass loss actually begins, is poorly defined. Jennings and Dyck (1972) demonstrated the well-known inverse correlation between emission in the core of the Ca n " H and K " resonance lines and 9.7 gm emission in the spectra of red giants. The Ca n emission is an indicator of chromospheric activity, while the 9.7 gm emission is a diagnostic for amorphous silicate grains in the circumstellar envelopes of very cool (" late-type ") stars. Jennings (1973) interpreted the inverse correlation as evidence that dust grains can " quench " the chromospheric temperature rise by radiating the energy that would otherwise go into heating the chromosphere, and that dust and chromospheres do not coexist.
Since that time, ultraviolet observations have expanded our understanding of chromospheres in late-type stars. The ubiquity of chromospheres, the rotation-activity correlation and the corona-wind dividing line (cf. Linsky 1981; Brown 1984) are interpretations supported with large amounts of data. The Infrared Astronomical Satellite (cf. Neugebauer et al 1984) is beginning to provide much needed information on the circumstellar (CS) properties of late-type stars.
Defining a gas-to-dust ratio in terms of visual wavelength CS absorption and CS 9.7 gm emission, Hagen, Stencel, and Dickinson (1983, hereafter HSD) showed that this gas/dust 1 On leave from the Joint Institute for Laboratory Astrophysics. 2 Guest Observer, International Ultraviolet Explorer. 3 Guest Investigator, IRAS. ratio (i.e., the relative amounts of dust and gas) is a better predictor than the dust content alone for the presence or absence of Ca n emission. HSD found the stars with the smallest gas/dust ratios lack Ca n emission, but that the larger gas/dust ratios did not clearly correlate with Ca n emission strength. This suggested that the chromospheres might not necessarily be " quenched " by the presence of dust. In addition, they noted that the " dusty " stars, without Ca n emission, were the only ones to show maser activity.
HSD were aware that the effects of depletion of CS gas onto grains (cf. Jura and Morris 1985) could affect the gas/dust ratio. Depletion effects could in principle reduce the range of gas/ dust values, but given only upper limits for CS gas detections for many of the HSD program stars with strong 9.7 gm features, precise evaluation was difficult. We note that although only the Sr n feature was used to measure the gas content in the HSD study, the other CS lines were found to be strong (e.g., Cr i, Fe I, Al n) whenever the Sr n line was strong.
Similarly, in a study using model fitting of IR continua to deduce grain mass loss rates and CO observations to deduce gas mass-loss rates for Miras and carbon stars, Knapp (1985) found a constant gas/dust ratio of 160 for the oxygen-rich stars over a wider range of total mass-loss rates than sampled by HSD, in contrast to the variable ratio found by HSD. The samples of stars examined in the two studies are qualitatively different. Knapp (1985) studied stars with much dustier atmospheres, with a higher degree of condensation onto grains, than those in the HSD sample. The latter study examined stars with incomplete condensation where the gas/dust ratio might vary, while the former examined stars with presumably complete condensation, where the gas/dust ratio could have become constant. The HSD technique cannot be used on stars in the Knapp sample because their extreme dust content blocks the visible and UV light required, while the HSD sample cannot be 859 STENGEL, CARPENTER, AND HAGEN 860 studied with Knapp's techniques because their envelopes produce insufficient radio and millimeter-wavelength spectral line emission. Thus both results may be correct in that they are appropriate for two different classes of objects. In any case, our purpose is not to address the proportionality between gas and dust, but rather to use the HSD gas/dust ratio as a fiducial to evaluate the importance of dust in red giant chromospheres and to assess the relationship between dust and chromospheric activity. Hereafter, for clarity, we will use the term " gas/dust index," referring to the results of HSD.
In light of these developments, we considered it timely to pursue a comparative study of the ultraviolet diagnostics for chromospheric activity in stars with low and high gas/dust indices. We report here ultraviolet spectra that prove the existence of chromospheres in dusty stars, in contradiction to the Jennings-Dyck hypothesis. We use the emission line strengths and ratios to evaluate chromospheric differences between stars with very dusty atmospheres and those with relatively clean atmospheres, and relate these differences to a new hypothesis for the formation of dust and the fundamental physical cause of mass loss in cool, evolved stars.
II. OBSERVATIONS a) Selection of Targets
Because observing time is limited, we selected a subset of the HSD sample representing the full range of gas/dust values studied. Table 1 lists spectral type, outer atmospheric gas/dust index, and an index of the strength of its Ca n line emission. The HSD list is a magnitude-limited sample of oxygen-rich, non-Mira red giants and supergiants. The magnitude limit is imposed by the need for high-resolution optical (blue) spectra to measure the circumstellar gas. The sample is limited to oxygen-rich stars because few carbon stars are visually bright. Miras were excluded because their variable photospheric radial velocities complicate the separation of the CS and photospheric absorption components. However, we note that highly evolved late-type stars are variable to some degree and that the sample does include semiregular (SRc) variables.
b) Ultraviolet Data
The 2000-3200 Â spectral region contains several emission features which provide useful information about the existence Boggess et al. 1978) , the generality of the correlation between the presence of Ca ii emission (chromospheric brightness) and the gas/dust index can now be tested.
We acquired 27 low-resolution IUE spectra of the 15 stars in our sample. Most were obtained by the authors during seventh-year IUE program CCGJL during 1984 May and October. The remaining eight spectra were obtained from the IUE archives at the University of Colorado IUE Regional Data Analysis Facility (RDAF). Details of the observations are given in Table 2 . All spectra were calibrated and measured at the Colorado RDAF, using the 1980 May LWR calibration of Bohlin et al. (1980) and the 1983 December LWP calibration of Cassatella and Harris (1983) .
Each spectrum was examined for seven chromospheric emission features previously seen in low-resolution spectra of red giant stars: Mg n (UV 1 2800 Á), A1 n (UV 1 2669 Â), several multiplets of Fe n, and C n (UV 0.01 2325 Â). Other than Mg n and A1 n, these emission features are blends of numerous lines that generally arise from the same ionization stage of the given element (except the C n + Si n -h Fe n blend at 2325 Â). We list in Table 3 the lines that we believe contribute to each feature, based on analogy with high-resolution spectra of y Cru (M3 III) and a Ori (M2 lab) (see Carpenter 1984; Wing, Carpenter and Wahlgren 1983) . Observed integrated line fluxes are given in Table 4 . Corrections for circumstellar or interstellar extinction have not been applied, but possible effects are discussed below.
While we expected to detect emission associated with the Fig. 1. -WE low-resolution spectra of two of the stars in our sample, p Per is a "clean" star with strong optical Ca n emission, while TW Peg is a very "dusty" star with no Ca ii emission. Note that all of the major UV chromospheric indicators in this region (Mg n, A1 n, Fe n, and C n) are visible in both spectra. lines in Table 3 in well-exposed spectra of stars with high gas/dust indices ("clean" stars) and Ca n emission, we were uncertain whether we could see any of this chromospheric emission from the "dusty" stars. If the low gas/dust index for these latter stars and their lack of Ca n emission are indicative of "quenched" chromospheres (Jennings 1973) , no UV emission should be detected. However, every "dusty" star we observed showed strong Mg n emission. Every exposure of sufficient length to record spectral features shortward of Mg n also included A1 n] and Fe n, and in one case C n] (e.g., Fig. 1) . Examination of these spectra shows that the dust grains have not succeeded in completely quenching the chromospheric temperature rise, as the optical Ca n data had previously suggested. The ubiquity of chromospheres is strongly suggested by our spectra and similar observations of carbon stars (Johnson and O'Brien 1983) . We attribute the emissions to chromospheric activity rather than to emission-line formation in pulsational shocks in the outer atmosphere of these late-type semiregular variables, because the intercombination lines would be collisionally quenched (as in Miras) and our random time sampling would have had to coincide with strong shock excitation phase in every instance.
Our next step was to determine whether the dust grains have any effect on the UV emission even if they fail to extinguish it. To place the observations on a common scale, we normalize the observed flux by the apparent bolometric flux of the star (cf. Linsky et al 1979) . These normalized fluxes are analogous to surface fluxes and allow a fair intercomparison of stars with different surface areas and effective temperatures. In contrast to observed fluxes, normalized fluxes are independent of the uncertain distances and intrinsic colors of these stars. We estimated the bolometric fluxes by integrating the observed continuum flux distribution obtained from IUE ultraviolet, ground-based optical and infrared, and IRAS infrared data, over the 0.3-100 ¿zm spectral interval. The observed integrated line and bolometric fluxes are listed in Table 4 . The normalized fluxes are presented in Table 5 , in two groups according to the gas/dust index. The peculiar K supergiant BM Sco is listed separately because it shows both Ca n emission and a small gas/dust index (cf. HSD).
An examination of Table 5 shows that the normalized fluxes from "dusty" stars are on average significantly lower than those from "clean" stars by a factor of 8-17. This implies that chromospheres of dusty stars are modified but not quenched. III. RESULTS Our principal result is that cool stars continue to produce chromospheres in the presence of high dust levels in their outer atmospheres (Fig. 2) . However, the reduced fluxes seen in the UV observations of the dusty stars raise the important question: where is the energy, which normally heats the chromosphere, diverted? To address this question, we can examine the relative strength of the UV emission features.
The diverted chromospheric energy might reappear in two ways. Jennings's suggestion that the dust might absorb and reradiate some of the input energy could account for a fraction of the overall UV decrease, even if the grains do not fully quench the temperature rise. In addition, some of the input energy might be converted into kinetic energy of the grains through multiple scatterings of resonance line photons (e.g., H, Ca, Mg) off dust grains, thus producing a radiation pressure driven mass outflow (cf. Wilson 1960) . The formation of dust in the chromosphere would both explain the reduced UV fluxes and provide a mass loss/wind acceleration mechanism for these stars. Before discussing a scenario for this, we need to look at relative UV line strengths and additional selection effects.
Studies of the solar chromosphere have established that the resonance lines of hydrogen, Ca + and Mg + are responsible for the bulk of the radiative losses (Vernazza, Avrett, and Loeser 1981) and more recent analysis of the outer atmosphere of a Ori seems to confirm this for red supergiants (Hartmann and Avrett 1984) . If the flux escaping via resonance lines were minimized, e.g., by dust (see below), would the flux in other nonresonance UV multiplets increase to compensate? Table 6 and Figure 6 display average line strengths, relative to Mg n, for the two classes of stars. There is a suggestion that subordinate lines increase relative to Mg n, by perhaps a factor of 2 for the dusty stars relative to the clean stars. An examination of the normalized fluxes for the two groups indicates that this is due to a substantial decrease in the Mg n fluxes, relative to the subordinate lines, rather than to an absolute increase in subordinate line fluxes. The relative damping of the Mg ii compared to subordinate lines in dusty stars suggests that a radiative process (e.g., scattering) is at work, although the possibility of selective depletion (Field 1974) should not be ruled out.
However, circumstellar and interstellar extinction could mask a larger effect between resonance and subordinate lines. Assuming, for lack of better information, that the wavelength dependence of extinction due to CS grains is similar to that of interstellar material, and noting that the subordinate lines fall closer to the 2200 Â maximum than Mg ii, we conclude that Fig. 6 .-Average strengths of the Fe ii and A1 n features relative to the Mg ii strength, vs. the average gas/dust index for the dusty and for the " clean " stars in our sample. Note the apparent decrease in relative Mg ii strength in the dusty stars.
STARS WITH "QUENCHED" CHROMOSPHERES 865 No. 2, 1986 correcting the subordinate line fluxes for extinction, especially in the dustier stars, would enhance the subordinate to resonance line differences between clean and dusty stars. However, the CS extinction properties for these stars are too poorly understood to warrant further discussion at present.
IV. DISCUSSION
A key problem facing researchers in the field of circumstellar matter is describing the state of material between the top of the warm stellar photosphere of red giant and supergiant stars, and the base of the cold circumstellar envelop (CSE), which begins at approximately ten stellar radii (Sutton et al 1977) . We define this region as the " outer atmosphere." The related problem of identifying the mass-loss mechanism for cool evolved stars can be examined in terms of a three-step process : gas levitation, dust formation, and gas and dust removal (cf. Jura 1986) . Such a process must be accommodated in any successful description of outer atmospheres of late-type stars.
Among the nonpulsating, cool, evolved stars, we propose that the outer atmosphere is best described by a quasi-static, extended chromosphere. The mass-loss mechanism involves a condensation instability in the extended chromospheres similar to the transition between warm and cold phases of the interstellar medium, which converts warm, diffuse gas into cool, dense clouds where molecules and dust grains may form. Equivalently, the atmospheric instability described by Muchmore (1986) , wherein the temperature sensitivity of molecular opacity can lead to thermal bifurcation, could serve to trigger molecule and dust formation. The newly formed dust can then be driven away from the star by radiation pressure. We will describe several observational facts that support this suggestion.
The oxygen-rich, M-type supergiant Betelgeuse is useful as an archetype for our study. It can be detected in the UV, with emission lines indicative of a turbulent chromosphere extending several radii. VLA detections of Betelgeuse imply an extended region of free-free emission above its photosphere. It shows optical CS absorption cores indicative of a cool wind flowing outward at 10-20 km s~ ^ It exhibits the 9.7 /mi excess associated with Mg-Fe-silicate dust in its envelope. Interferometry reveals no dust within 10 stellar radii (Sutton et al 1977) . Finally we note ample evidence for temporal variations and inhomogeneities (cf. Goldberg 1983). If we can assemble a complete description of this outer atmosphere, there is hope that we can extrapolate the physics of its behavior to nearby classes of stars. a) A New View of Red Giant Chromospheres The analyses of cool stars refer to the Sun as an archetype. It also has been recognized that the solar analogy must be applied with caution. Quantitative analyses of red giant chromospheres have used ultraviolet lines of C + and Mg + to derive temperatures (Brown and Carpenter 1984) and densities and physical extents (Carpenter, Brown, and Stencel 1985; Judge 1986; Linsky 1986 ). These analyses and other multispectral studies indicate that red giants and supergiants lack solar-like coronae, but instead possess extended chromospheres with densities of order 10 6 -10 8 cm -3 at temperatures of order 8000 K. Chromospheric radial dimensions are at least several stellar-radii-up to 10 14 cm for the supergiants. This extended warm region can be maintained by the absorption of UV and EUV photons. We argue below that cooling can occur in two coexisting thermal regimes. Chromospheric UV line emission can cool the " warm " regions, while molecular masers and thermal emission from dust cools the " cool " regions. This thermal bistability may be responsible, in part, for the mass loss and other observed properties of such stars. Field, Goldsmith, and Habing (1969) described the physics of the interstellar medium (ISM) and derived " two thermally stable gas phases that coexist in pressure equilibrium: one at 10,000 K and the other cooler than 300 K." Lepp et al (1985) have confirmed this basic result and by including high-energy photons, they also derived a coronal phase as observed in the ISM and make predictions for quasar clouds. The persistence of Field's thermal bistability to moderately high pressures as described by Lepp et al suggests to us applicability of similar physics to extended chromospheres.
b) Cooling via Condensation Instability
We hypothesize that if chromospheric gas (e.g., 8000 K, 10 7 cm -3 ) is subjected to compression, a condensation instability occurs because the radiative cooling increases with the square of the increasing density. A rough analogy is the precipitation (phase change) of water on a hand moving through steam. Validity of this hypothesis requires demonstrating that the radiative power loss curve be very steep below 10,000 K to create the dethermalizing runaway to very low temperatures, as is the case for the ISM (cf. Raymond, Cox, and Smith 1976) . Given this, a mass-loss scenario based on this condensation instability is outlined in Figure 7 and discussed below.
c) Instability Trigger Mechanisms
Convective motion (Schwarzschild 1975) provides a source of " acoustic noise '' that will give rise to pressure perturbations in an overlying atmosphere which can trigger the condensation instability. To avoid the production of shock waves which could produce high-temperature emission lines, we must assume that either the input energy varies slowly or that the Fig. 7. -A flow chart summarizing a mass-loss scenario based on the condensation instability and cooling discussed in the text.
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Characteristic time scales for the growth of this instability may be estimated from the sonic crossing time, stellar wind speed, or chromospheric temperature and pressure gradients. Another estimate can be made by comparing the chromospheric gas pressure (nkT) with the total radiative losses (ergs cm -3 s _1 ). Using typical values, as derived for a Ori by Hartmann and Avrett (1984), we derive a characteristic time of 10 5 s, which is comparable to the sonic crossing time and the time scale for observed light and polarization variations in the star (Bloemhof, Danchi, and Townes 1985) .
d) Formation of Molecules and Dust
The condensation instability yields conditions appropriate for the formation of molecules and grains. As a result of the rapid cooling and enhanced densities, molecules could, in principle, be formed in excited states and then cool via maser emission. Recent work by Elitzur and Cooke (1985) shows that H 2 0 masers are collisionally pumped and occur for densities at and above 10 9 cm -3 , at excitation temperatures of -1000 K. This is qualitatively consistent with the higher density, lower temperature condition expected from the condensation instability and offers a new, natural explanation for masing in the OH-IR stars, that eliminates formation and pumping problems of previous maser theory (Elitzur 1982) . VLBI studies show SiO masers occurring within a few stellar radii of dusty objects, like VX Sgr (Lane 1982 (Lane , 1984 Johnston, Spencer, and Bowers 1985; Chapman and Cohen 1986) . Interferometric mapping of the 9.7 ¡am emission associated with silicate dust grains shows no such emission inside of roughly 10 stellar radii in many dusty objects (cf. Sutton et al 1911; Dyck et al. 1984) . Molecular clusters and less-annealed silicates with spectral features at other than 9.7 ^m could be forming within this inner dust radius. We hypothesize that SiO masers within 10 stellar radii are associated with this formation chemistry. Chromospheric and envelope expansion velocities require months/years for material to move several stellar radii. This places temporal constraints on cluster formation and subsequent dust nucléation (Donn and Nuth 1985) . e) Quenching Chromospheric Radiation/Accelerating Dust Extended stellar chromospheres are optically thick to the usual radiative loss channels (hydrogen lines, Ca + , Mg + ). Scattered photons of the Lyman series are effectively trapped (Wilson 1960) . As Jura (1984 Jura ( , 1986 has already concluded, once grains form near these stars, radiation pressure can accelerate them to infinity. A 10" 7 M 0 yr" 1 mass loss at 10 km s" 1 requires an energy content which is comparable to less than 10" 4 of the bolometric luminosity. If we " quench " these photons, transferring their momentum to mass motion of grains, the effect could be a reduction of ultraviolet chromospheric emission, as observed. Wehrse and Kalkofen (1985) derived factors of 5 flux reduction in resonance line transfer through dust. Radiative transfer effects on subordinate lines have not been evaluated.
The decrease in Mg n line strength in dusty stars relative to clean stars ought to be consistent with the opacity caused by dust. Adopting a 2800 Â region dust opacity of 10 cm 2 g" 1 , a gas-to-dust ratio of 100, a total mass-loss rate of 10" 5 M 0 yr " ^ an inner dust shell radius of 10 13 cm, and a flow speed of 10 6 cm s" 1 , the optical depth due to dust is roughly mx/4nrv, or, in this case, unity. This is roughly the magnitude of the Mg it line extinction we have found. In light of the detection of UV chromospheric emission from dusty stars, our scenario provides an alternative to the quenched chromosphere idea of Jennings (1973) , which was based on the lack of Ca n emission in dusty stars. /) Further Work First, the time scale for the growth of the instability needs to be evaluated against the constraint of the " fully formed " 9.7 ¿un silicate dust emission features outside of ten stellar radii. The spatial scale will be constrained by the impact of the energy release on its surroundings. Second, an observational test involving high spatial resolution spectral imaging is needed to monitor radial and azimuthal changes in the infrared dust emission profiles in response to nucléation, growth, and processing of dust grains in the chromospheric environment. Predictions of asymptotic molecular abundances would be helpful. Finally, the role of this process in the atmospheres of cool pulsating stars (or possibly even the R CrB stars and novae) will require further study. The dust and maser requirements on density are high, well in excess of hydrostatic values expected at several stellar radii in these outer atmospheres. As Willson (1986) points out, even a modest pulse train can enhance these densities by many orders of magnitude. This could set the stage for the action of the condensation instability.
v. SUMMARY We have used UV spectra of clean and dusty red giant and supergiant stars to investigate the relationship between chromospheres and dust. We have established the following points :
1. Chromospheres exist even in stars whose outer atmospheres and circumstellar shells contain high levels of dust (i.e., chromospheres are not " quenched " by the presence of dust).
2. The strength of a chromosphere (i.e., total output flux) is reduced by the presence of dust.
3. The relative radiative loss patterns in a chromosphere are altered by dust, either by radiative processing or selective depletion.
4. The evidence for formation of dust and masers in chromospheres by a thermal instability is accumulating.
